High cost of inorganic fertilizers and lime has precluded their use by smallholder farmers to remedy the problem of soil acidity and infertility in Kenya. To address the problem, we tested a precision technique referred to as micro-dosing, which involves application of small, affordable quantities of inorganic inputs on an acid soil in Busia County, Kenya. Experimental treatments were N-fertilizer (0 and 37.5 kg N ha -1 ), P-fertilizer (0 and 13 kg P ha -1 ) and lime (0, 0.77 and 1.55 tons lime ha -1 ). 37.5 kg N and 13 kg P ha -1 are 50% of the recommended fertilizer rates for maize production in Kenya while 0.77 and 1.55 tons lime ha -1 are 25 and 50% of the actual requirement. Soil chemical changes, maize grain yield and nutrient recovery were determined. Lime and P-fertilizer significantly affected only the top-soil pH, Ca, Mg and available P, while the effects of N-fertilizer were evident on both top-and sub-soil N likely due to its faster mobility than P and lime. Grain P-fertilizer recovery efficiencies were 14 and 16-27% due to 13 kg P and 13 kg P + 0.77-1.55 tons lime ha -1 , respectively. N-fertilizer recovery efficiencies were 37 and 42-45% due to 37.5 kg N and 37.5 kg N + 0.77-1.55 tons lime ha -1 , respectively. Fertilizers applied to supply 37.5 kg N, 13 kg P and 0.77-1.55 tons lime ha -1 increased grain yield above the control by 134, 39 and 12-22%, respectively, therefore micro-dosing of these inputs can increase maize production on Kenyan acid soils.
Introduction
Agricultural production in the high rainfall areas of Kenya is constrained by soil acidity and soil fertility depletion (Kanyanjua et al., 2002) . The yields of maize, which is the staple food in these regions, are very low, averaging less than 1 ton ha -1 against a potential of 4 tons ha -1 . To mitigate these constraints, many soil fertility management technologies have been attempted. These ranges from sole use of inorganic fertilizers to sole use of organic inputs (Sanginga & Woomer, 2009; Okalebo et al., 2006) but these approaches have several drawbacks which have hindered their adoption by smallholder farmers in Kenya. In particular, use of organic inputs is labour intensive, they are of often low in nutrient content and not available in sufficient quantities on smallholder farms. Inorganic fertilizers, on the other hand, are expensive and most smallholder farmers cannot afford them (Sanchez et al., 1997) . However, use of fertilizers remains the key to increasing food productivity in Africa (Quinones et al., 1997) .
The main problem with most of the current fertilizer management recommendations is that they target maximization of yields or profits without consideration of the agricultural risks and resource constraints faced by many smallholder households (Twomlow et al., 2010) . There has been therefore growing interest to find alternative interventions that promote efficient and sustainable use of fertilizer tailored to smallholder farmers' socio-economic conditions (Nziguheba, 2007) . One such technology is the use of precision technique referred to as micro-dosing, which involves the application of small, affordable quantities of inorganic inputs and seed at the time of planting or as top dressing three to four weeks after emergence (ICRISAT, 2008) . For example, while the recommended N and P fertilizer rates for maize production in western Kenya are 75 kg N and 26 kg P ha -1 their average yield by 50-100% by applying as little as 10 kg N ha -1 (Twomlow et al., 2010) therefore improving the prospects of adopting the use of fertilizers. In addition, fertilizer use efficiency could be improved by liming the acid soils to eliminate Al toxicity (Kisinyo et al., 2014) , thereby resulting in a reduction in the amount of fertilizer required to achieve a target yield. Much of the work on micro-dosing of fertilizers has been conducted in semi-arid regions of Zimbabwe using mainly N fertilizers. There is need therefore to extend these evaluations in other environments, such as western Kenya, where rainfall is high and soil acidity in addition to N and P deficiencies limit crop production, to test the robustness of this technology. The objectives of this study were therefore to determine effect of micro-dosing of lime, P and N fertilizer on: i) soil chemical properties and ii) maize performance on an acid soil in Busia County, Kenya.
Materials and Methods

Site Description
The study was carried out in Busia County, 1300 m asl, (0°19'N & 34°12'E). The average annual rainfall is 1600 mm which is distributed over two main cropping seasons, the long rainy season which is from March to July and the short rainy season from September to December (Jaetzold & Schmidt, 1983) . The initial soil properties are presented in Table 1 . The soils were moderately acidic, low in organic C (< 2%), N, P and exchangeable bases (Ca, Mg and K) but high in Al saturation (> 20%) (Landon, 1991) . The soil type at the site has been classified as an Orthic Ferralsol (FAO, 1988 
Experimental Design, Layout and Management
The study was conducted over two seasons; long and short rains in the 2008. The experiment was a 2 × 2 × 3 split-split plot laid out in randomized complete block design with N as the main plot, P as the sub-plot and lime as sub-sub plot. Two N rates, 0 representing a practice where farmers apply no fertilizer and 37.5 kg N ha -1 , which is half the recommended N rate for the area (KARI, 1994) , were used in the main plot. P was also applied at 0 and 13 P kg ha -1 for similar reasons as N. Liming material containing 21% calcium oxide was applied at 0, 0.77 and 1.55 tons -1 ha in the sub-sub plots. The lime requirement of soil was calculated using the equation proposed by Cochrane et al. (1980) . The equation aims at reducing the % Al saturation to a level that is commensurate with crop Al tolerance using the following formula:-
Where Al = cmol kg -1 soil in the original exchange complex, RAS = required % Al saturation, Ca = cmol kg A RAS value of 20% was used since most maize germplasm grown in Kenya are sensitive to >20% Al saturation (Ligeyo, 2007; Kisinyo et al., 2013) . Thus, the calculated actual lime requirement was 3.09 tons ha -1 while 0.77 tons ha -1 and 1.55 tons ha -1 represent 25% and 50% of the actual lime requirement, respectively.
Plots measuring 3.5 m by 3 m were demarcated after ploughing to the appropriate tilth in the year 2008 long rain season. Each plot was separated from the next by a spacing of 1 m. Lime was applied only once in the long rains season by evenly broadcast and thoroughly mixing it with the soil 30 days prior to planting. This was to allow for adequate time for it to react with the soil. Fertilizers phosphate as triple superphosphate and N as calcium ammonium nitrate were spot applied into the planting holes and thoroughly mixed with soil at the time of planting in each season. Nitrogen was split-applied with 30% applied at planting and the rest as a top-dress at six weeks later. Two maize seeds (hybrid 513) were planted per hill at a spacing of 75 cm by 25 cm and were thinned to one plant per hill two weeks post-emergence. Maize was managed using the recommended agronomic practices for the area and harvested at physiological maturity.
Determination of Crop Response to Lime, P and N Fertilizer Applications
The grain yield was computed using the following formulae:
Yield per plot = (Total fresh weigh × Sample dry weight)/ Sample fresh weigh (2) Yield (kg ha -1 ) = (Yield per plot × 10,000 m 2 )/Effective area (m 2 )
where effective area is part of the plot harvested which is less the guard row and plants at the end of each row.
Plant fertilizer recovery efficiency was calculated using the following equation by Dobermman (2005) :
where NT = nutrient uptake in treated plots (kg ha ) and T = rate of the nutrient applied (kg ha -1 ).
Soil Sampling and Analyses
Nine sub -soil samples were taken at the experimental site in March 2008 with a soil auger at the 0-20, 20 -40 and 40 -60 cm soil depths in a zig -zag manner prior to treatment application. Samples from each depth were thoroughly mixed and about 1.0 kg composite sample taken to the laboratory for determination of the initial soil properties at the site. The samples were subsequently taken from each plot at appropriate intervals at the same depths to monitor changes in selected soil chemical properties due to treatment applications. The soil samples were air-dried and the ones taken before treatment applications were analysed for texture, specific gravity, pH (1: 2.5; soil: water), bicarbonate extractable P, exchangeable bases (Ca 2+ , Mg 2+ , K + and Na + ), acidity (Al 3+ and H + ), organic carbon (%C) and total N (%N). The samples taken after treatment applications were analyzed for pH, available P, nitrates, exchangeable Ca 2+ , Mg 2+ and Al 3+ . Soil specific gravity was calculated by determining the weight of solid particles per weight of equal volume of water. The grain samples were analysed for P and N contents. Detailed laboratory procedures for specific gravity determination are outlined by Smith (1981) while procedures for soil chemical and plant analyses are described by Okalebo et al. (2002) .
Statistical Analysis of Data
All the maize yields data were subjected to analysis of variance (ANOVA) with the split-split plot design using General Statistics (Genstat, 2010) . Means were separated using pooled standard error of difference of means (s.e.d) whenever treatment effects were significant at p ≤ 0.05). Figure 1 shows the effect of lime on soil pH. Lime at the rates of 0.77 and 1.55 tons ha -1 took about 60 and 126 days to increase soil pH to the highest pH peaks of about 5.7 and 6.0, respectively. Lower lime rate (25% of the actual lime requirement) increased soil pH to highest peak in relatively shorter time and thereafter the pH began to decline earlier compared to where half of the requirement was applied. This was likely because Ca 2+ ions in lower lime rate was depleted very fast, resulting in increase in soil acidity. Similar results were reported by Sanchez (1976) (Figures 1-4) . This is attributable to the slow solubility of lime and hence low mobility within the soil (Yorst & Ares, 2007) . In a similar study, very little changes in soil pH, exchangeable Ca 2+ and Al 3+ were reported in the sub-soil (12 -85 cm depth), 2 1 / 2 years after lime application at rates between 1.5 -6.0 tons CaCO 3 ha -1 (Arya, 1990) . Surface application of lime is not likely therefore to correct sub-surface soil acidity. Figure 5 shows the effects of lime and P fertilizer on soil available P at the 0-20 cm depth. Generally, both P fertilizer and lime had significant effect (p ≤ 0.05) on available P. A combined application of P fertilizer and lime increased soil available P more than the application of either of them alone. The available P reached its highest peak in about 30 days (in May) from date of its application (in April) and thereafter there was a general declining trend during the cropping season. However, in the month of October there was another peak due to a second P fertilizer application in mid-August, during the short rain planting season. The increase in soil available P as a result of liming observed in this study is consistent with others studies (Tisdale et al., 1990; van Straaten, 2002) which attributed it to reduced P sorption. Many other studies have investigated the effects of lime application on P retention and extractability, but consistent improvements in the availability of soil P have not been obtained (Mansell et al., 1984; Holford et al., 1994; Curtin & Syers, 2001) . Liming is, however, often successfully applied to remedy other soil constraints such as soil acidity as was demonstrated in the present study. Figure 6 shows the effects of P fertilizer on soil available P down the soil profile. Soil available P generally decreased down the soil profile because of the immobile nature of P. In a similar study, no significant changes in soil available P below the layer of P fertilizer incorporation in acid soils were reported (Arya, 1990) . From the present study, it is evident that surface application of lime and P fertilizer applications may not correct P deficiency on acid soils. Figure 5. Effect of P fertilizer and lime on soil available P at the 0 -20 cm soil depth during the cropping period Figure 6 . Effect of P fertilizer and lime on soil profile available P during the cropping period
Results and Discussion
Effects of Lime on Soil pH, Ca, Mg and Al levels
Effects of P Fertilizer and Lime on Soil Available P
Effect of N Fertilizer on Soil Nitrate Levels
Soil nitrate levels generally increased at the onset of rains i.e. from March to May even on plots which did not receive N fertilizer application (Figure 7 ). This was followed with a decline in plots which did not receive N fertilizer throughout up to July when the crop was harvested. A similar trend of increase was observed during the short rains due to N fertilizer applications. Increased nitrate levels observed on all plots at the onset of rains was likely due to the so called 'Birch effect' attributed to rapid mineralization of killed microbial biomass and labile organic matter released on drying and also to rapid nitrification of NH 4 + -N accumulated during the dry season (Birch, 1958; Seneviratne & Wild, 1985) . The effect of N fertilizer on nitrate levels down the soil profile was more pronounced than that of lime on soil pH, exchangeable Al 3+ , Ca 2+ and Mg 2+ and also that of P fertilizer on soil available P reported above in Figures 1 to 6 . This was because unlike phosphate, Ca 2+ and Mg 2+ ions, nitrate ions are very mobile within the soil and are therefore easily leached by rainfall water down the soil profile (Giller et al., 1997) . Table 2 shows the effect of lime on grain P and N fertilizer recovery efficiencies. Lime increased both grain P and N fertilizers recovery efficiencies, which increased with increase in rates of lime. The mean grain P fertilizer efficiencies were about 14, 16 and 27 % due to 13 kg P, 13 kg P + 0.77 tons lime and 13 kg P + 1.55 tons lime ha -1 , respectively. The average annual N fertilizer recoveries were about 37, 42, and 45% due to 37.5 kg N, 37.5 kg N + 0.77 tons lime and 37.5 kg N + 1.55 tons lime ha -1 , respectively. In acid tropical soils, only about 10-20% of the applied P fertilizer is normally recovered by plants in the year of application due to high P sorption by Al and Fe sesquioxides (Keerthisinghe, 2001) . P fertilizer recoveries of between 18 to 31% have been reported on Nigerian acid soils (Fofana et al., 2007) . Thus, P fertilizer recoveries in this study are within the range normally reported in tropical acid soils. Nitrogen fertilizer recovery efficiencies were also within the range of 30-70% normally recovered by crops (Bock, 1984) . Micro-dosing lime increased P and N fertilizers recovery efficiencies primarily by restoring soil pH to levels that are favourable for plant growth and microbial activity. It also eliminated toxic elements and ensured the availability of essential elements. Under such optimal growth conditions crops are able to absorb and use fertilizers more efficiently (Adams & Martin, 1984) . Therefore, it is evident from this study that higher N and P fertilizer recovery efficiencies in acid soils can be achieved through micro-dosing lime. 
Effect of Lime on Phosphorus and Nitrogen Fertilizers Recovery Efficiency
Effects of N, P Fertilizers and Lime on Maize Grain Yield
The maize grain yield data is presented in Table 3 . The highest mean annual grain yield increase above the control of 134% was obtained with the application of 37.5 kg ha -1 N, followed by 13 kg P ha -1 (39%) and lime (12-22%). The increased maize grain yield due to lime, N and P fertilizers application reported in this study confirm work by several authors that soil N, P deficiencies and acidity limit maize production in these soils. In similar studies in Kenyan highland acid soil, 50% of the recommended N fertilizer rate and 25-50% of the actual lime requirement increased maize grain yield by about 106 and 13-27%, respectively (Kisinyo, 2011) while Opala et al. (2007) observed significant responses to application of only 6 kg P ha -1 . Similarly, in Zimbabwe, 33-50% of the recommended N fertilizer rate increased maize grain yield and adoption of fertilizer use by SHF www.ccsenet.org/sar Sustainable Agriculture Research Vol. 4, No. 2; (ICRISAT, 2008 . Combinations of any two or three of the inputs i.e. lime, P and N, had more effect on maize yield than any one of them applied alone likely due to synergism. 
Conclusion
Lime increased soil pH, exchangeable Ca 2+ and Mg 2+ and reduced exchangeable Al 3+ which resulted to increased soil available P. Both lime and P fertilizer significantly increased soil available P of the top but not sub-soil due to their slow mobility. Surface applications of lime and P fertilizer cannot therefore adequately correct sub-soil acidity and P deficiency. However, the effect of N fertilizer on soil nitrate levels was significant in the sub-soil because nitrate ions are very mobile within the soil profile and are therefore easily leached by rain water. Micro-dosing of lime increased recovery efficiency of N and P fertilizers and therefore, has the potential to increase nutrient recovery necessary for high crop yields. Application of small amounts of lime and fertilizers P and N significantly increased maize grain yield suggesting that micro-dosing has the potential to increase maize production on Kenyan N and P deficient acid soils. However, there may be need for further economic evaluation because farmers make their decisions on whether or not to adopt a technology based on economic considerations.
